Iran, with an area of 1.65 million square kilometres, contains several different types of climate. Horticultural crop farming is carried out in most of the geographical regions in Iran, except for the deserts and mountains. The climate of Iran is conducive to the growing of many horticultural crops such as broad beans (*Vicia faba* L.), carrots (*Daucus carota* subsp. *sativus*), varieties of cucurbit plants \[including cantaloupe (*Cucumis melo* var. *cantalupensis*), courgettes (*Cucurbita pepo* L. cv. Zucchini), cucumber (*Cucumis sativus* L.), melon (*C. melo* L.), pumpkin (*Cucurbita moschata* Duch.), watermelon (*Citrullus lanatus* var. *lanatus*) and winter squash (*Cucurbita maxima* Duch. ex Lam)\], eggplant (*Solanum melongena* L.), garlic (*Allium sativum* L.), green beans (*Phaseolus vulgaris* L.), onion (*Allium cepa* L.), pepper (*Capsicum annum* L.), potato (*Solanum tuberosum* subsp. *tuberosum*), spinach (*Spinacia oleraceae* L.) and tomato (*Solanum lycopersicum* L.). Such crop production in the field may be either rain-fed or under irrigation on large scale or small holder commercial farms. Iran is among the main producers of horticulural crops in the world with an approximate production of 1,800,400 tonnes yearly ([@b23-ppj-29-260]). Cucurbits and tomato are major horticultural crops in Iran ([@b23-ppj-29-260]). Viral diseases of horticultural crops cause important economic impact worldwide. Among all other viral diseases of such crops, diseases caused by tobamoviruses are often the most destructive and difficult to control ([@b8-ppj-29-260]).

On the basis of genome organization and phylogenetic clustering, tobamoviruses are classified into three sub-groups ([@b36-ppj-29-260]). Tobamoviruses in subgroup 1, including *Tobacco mosaic virus* (TMV), *Tomato mosaic virus* (ToMV), *Pepper mild mottle virus* (PMMV) and *Tobacco mild green mosaic virus* (TMGMV), are known to infect mostly solanaceous plants. Several tobamoviruses that previously were considered as TMV strains, are now classified as members of new species of the genus *Tobamovirus* on the basis of differences in host range, serological properties and amino acid sequences of encoded virus proteins ([@b9-ppj-29-260]; [@b59-ppj-29-260]). TMV is the type member of the genus *Tobamovirus*. The TMV virion is a rigid rod (18 nm × 300 nm) containing a single-stranded, positive-sense RNA ([@b63-ppj-29-260]). TMV can be transmitted by mechanical inoculation, grafting, contact between plants and by seed, but not by any known vector ([@b13-ppj-29-260]; [@b29-ppj-29-260]). Tobamoviruses collectively have a very wide host range and cause serious economic impact and significantly yield losses in many crops such as brassicas, cucurbits, solanaceous crops and different ornamental plants such as chrysanthemums (*Chrysanthemum indicum* L.), impatiens (*Impatiens balsamina*) and petunia (*Petunia × hybrida*) ([@b3-ppj-29-260]; [@b18-ppj-29-260]; [@b35-ppj-29-260]; [@b43-ppj-29-260]). Infected plants often show different types of symptoms such as malformations, mosaic and stunting on leaves, flowers, and fruit. TMV has been reported to cause considerable reduction in the tonnage of tomato fruit up to 59% ([@b16-ppj-29-260]). Significant yield losses of about 90% due to TMV infection in pepper also have been reported ([@b17-ppj-29-260]). There are many different strains identified for TMV, some of which are capable of overcoming of their hosts resistance ([@b46-ppj-29-260]). Regardless of the importance of field-grown horticultural crops, there is little information available on the incidence and distribution of TMV and its genetic diversity in cultivated crops in Iran. Thus, in this study we determined the incidence of TMV in plants showing symptoms in commercial fields in the main important provinces for horticultural crop cultivation in Iran, and also determined the genetic diversity of the isolates detected in the surveyed regions. We also detected TMV in some weed species growing in and around crop fields which may be potential reservoir hosts for maintaining TMV in these fields. The information obtained is required as the first step toward the search for control strategies of virus diseases in horticulural crops in Iran.

Materials and Methods
=====================

Surveys and sample collection.
------------------------------

Samples of horticultural crop species including bean, cabbage (*Brassica oleracea* var. *capitata*), cucumber, eggplant, pepper, potato, pumpkin, radish (*Raphanus sativus*), tomato, watermelon, and zucchini. were collected from April 2009 to May 2010 from open fields in the following 17 provinces (and specified districts) of Iran: Alburz (Karaj), Boushehr (Boushehr), East Azarbaijan (Maragheh), Fras (Darab, Fasa, Jahrum and Larestan), Golestan (Minoodasht), Hamedan (Tuyserkan), Hormozgan (Hajiabad, Kehorestan, Minab, Roudan), Isfahan (Isfahan), Kerman (Jiroft), Kermanshah (Mahidasht), Khuzestan (Dezful), Mazandaran (Noshahr), Qazvin (Qazvin), Qom (Qom), Sistan and Baluchestan (Zabul and Zahedan), Tehran (Tehran, Varamin, Shahriar), and West Azarbaijan (Urmia) ([Table 1](#t1-ppj-29-260){ref-type="table"}). Overall, 78 fields were surveyed and 1926 samples (20--30 samples per field) were collected during the growing season. The fields were randomly selected using a predetermined distance criterion, where distance between the fields ranged from 10 to 30 km. A sample consisted of two symptomatic leaves per plant. Viral-like symptoms observed included dwarfing, mosaic, mottling, yellowing, leaf malformation, necrosis of the leaves and stems and vein clearing. In addition, 107 leaf samples were also collected from different asymptomatic weed species belonging to 12 different botanical families within visited horticultural crop fields in the surveyed provinces for the serological detection of TMV and related tobamoviruses ([Table 2](#t2-ppj-29-260){ref-type="table"}). Weed samples were collected from around the bases of crops showing symptoms characteristic of infection by TMV.

Virus testing.
--------------

Mature leaf blades were tested in duplicate using double antibody sandwich enzyme-linked immunosorbent assay (DAS--ELISA), with coating antibodies against TMV and related tobamoviruses, as well as alkaline phosphatase conjugates obtained from Agdia (Agdia, Inc., South Bend, IN, USA) ([@b20-ppj-29-260]).

Host range.
-----------

Leaf samples showing symptoms associated with virus disease and with positive reaction in ELISA that were collected from Alburz, East Azarbaijan, Fars, Golestan and Tehran provinces, which contain the main horticultural crop cultivation regions of Iran, were selected and further evaluated in a host range study. The virus isolates were purified biologically through a single local lesion technique repeated twice on *Chenopodium quinoa* plants, and then transmitted mechanically to *Nicotiana tabacum* cv. White Burley for virus propagation according to the published protocol ([@b1-ppj-29-260]). Extracts from the systemically-infected tobacco plants were then used as a source of biologically-purified virus and inoculated mechanically to *C. quinoa* (family *Chenopodiaceae*), *C. sativus* (cucumber; family *Cucurbitaceae*), *Vigna unguiculata* cv. Mashhad (cowpea) and *Vicia faba* (faba bean; family *Fabaceae*), *N. rustica*, *N. tabacum* cv Samsun nn, *N. tabacum* cv. Virginia,*N. tabacum* cv. White Burley and *S. lycopersicum* (tomato), *Petunia hybrida* (all in the family *Solanaceae*). ([Table 3](#t3-ppj-29-260){ref-type="table"}). Specifically, 1 g of leaf tissue was ground in 2 ml of 0.1 M potassium phosphate buffer, pH 7.5. The extract was rubbed onto leaves of the above herbaceous plants, previously dusted with 300-mesh Carborundum. The experiment was conducted twice using at least three plants for each inoculation. The inoculated plants were then transferred to a greenhouse and maintained at 20 to 30 °C with 12 to 14 h natural lighting for the duration of the test. The final symptom reading was conducted 4 weeks post inoculation, and systemic leaf tissues from each individual plant were collected to confirm the presence of virus by ELISA. The presence of the virus in asymptomatic plants was verified by reverse transcription-polymerase chain reaction (RT-PCR).

RT-PCR and sequencing analyses.
-------------------------------

Total RNA extraction was performed using LiCl buffer according to the protocol described by [@b15-ppj-29-260]. Total RNAs were isolated from leaves of symptomatic crop plants, asymptomatic weed species and indicator plants (*N. rustica*) inoculated with selected Iranian TMV isolates including isolates TA, TV, TM, G42 and PU1. First-strand cDNA synthesis was carried out according to the manufacturer's instructions (MBI, Fermentas, Germany) in a 20 μl reaction containing 10 ng of total RNA, 20 pmol reverse primers (Tob-Uni-1), 50 mM Tris-HCl, pH 8.3, 50 mM KCl, 10 mM of each of the four dNTPs, 20 mM DTT, 20 U Ribonuclease inhibitor and 200 U M-MuLV Reverse transcriptase (MBI, Fermentas, Germany). RT-PCR was carried out with specific degenerate primers designed by [@b37-ppj-29-260]. Degenerate primers Tob-Uni 1 (5′-ATTTAAGTGGASGGAAAAVCACT-3′) and Tob-Uni 2 (5′-GTYGTTGATGAGTTCRTGGA-3′) were used for the genus-specific detection of tobamoviruses that were detected serologically using a specific polyclonal antibody in DAS-ELISA. Specific detection of tobamoviruses species was also performed with a semi-nested PCR method according to [@b37-ppj-29-260] using Tob-Uni-1 as the downstream primer and TMV-spec (5′-CGGTCAGTGCCGAACAAGAA-3′), ToMV-spec (5′-CGGAAGGCCTAAACCAAAAAG-3′), and TMGMV-spec (5′-AARTAAATAAYAGTGGTAA GAAGGG-3′) forward primers for amplifying the coat protein (CP) gene of TMV, ToMV and TMGMV respectively. The primers were synthesized by MWG Biotech (Germany). The amplified fragment was expected to be *ca*. 690 bp, 694 bp and 720 bp for TMV, ToMV and TMGMV, respectively, which encompasses 480 bp of the CP coding region plus sequences of the 5′ and 3′ flanking regions. Amplification was carried out in a thermocycler (Eppendorf, Hamburg, Germany) using initial denaturation at 94 °C for 5 min followed by 30 cycles at 94 °C for 60 s, 60 °C for 45 s, 72 °C elongation for 60 s, and a final extension step at 72 °C for 5 min. The PCR mixture (final volume of 25 μl) contained 2.5 μl of cDNA, 2 mM MgCl~2~, 0.2 mM of each dNTP, 0.4 μM of each primer, and 2.5 U of *Taq* DNA polymerase (Cinnagene, Iran) in the buffer recommended by the manufacturer. PCR products were checked on gels of 1.5% agarose in 0.5 × TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0). containing ethidium bromide.

The TMV amplicons (CP gene) for different isolates were obtained from the agarose gels, puried using an Ultra-Clean purification kit as described by the manufacturer (Fermentas Gene JET TM Gel Extraction Kit, Germany), and subjected to dideoxyterminator cycle sequencing by Macrogen (Seoul, South Korea). At least two clones of the CP gene of each TMV isolate were selected and sequenced. The sequences obtained were compared with virus sequences available in the GenBank database using BLAST ([@b7-ppj-29-260]). Phylogenetic analysis of the five representative Iranian TMV isolates was conducted by comparing separately the 480 nucleotides (nt) of the whole CP gene and the 161 nt that included the flanking regions of the CP-coding region with the comparable sequences of other TMV isolates from GenBank. Multiple nucleotide sequence alignments of the Iranian isolates with the previously reported TMV isolates were performed using CLUSTALX 1.8 ([@b47-ppj-29-260]). Phylogenetic relationships were inferred by using the Maximum Likelihood method based on the Kimura 2-parameter model with 1000 bootstraps replicates to estimate node significances ([@b34-ppj-29-260]), using a CP gene sequence of *Odontoglossum ringspot virus* (ORSV) as an outgroup. This comparison extended to deduced amino acid sequences. Analyses were performed with the program MEGA 5.05 ([@b57-ppj-29-260]). Using this software and the Tamura-3-parameter nucleotide substitution model ([@b56-ppj-29-260]), the nucleotide distances and diversities were assessed. Genetic differentiation and the gene flow level between subpopulations also were evaluated by the statistical test F~st~([@b60-ppj-29-260]). F~st~ ranges from 0 to 1 for undifferentiated to fully differentiated populations, respectively. The statistical tests for estimation of F~st~ were performed by DnaSP version 5.10.01 ([@b39-ppj-29-260]). The ratio of non-synonymous nucleotide diversity to synonymous nucleotide diversity \[Pi(a)/Pi(s)\] was estimated by the use of DnaSP version 5.10.01 for the Iranian TMV isolates. The value of this ratio is 1, \< 1 and \> 1 under neutral, negative (purifying selection) and positive (directional selection), respectively.

Results
=======

Field survey and incidence of tobamovirus infection in symptomatic horticultural crops.
---------------------------------------------------------------------------------------

Of 1,926 crop leaf samples showing symptoms that were tested by ELISA, tobamoviruses were found in 218 samples (11.3% incidence). The results showed that 53 out of 78 fields surveyed had tobamovirus infections, ranging from 1.5 to 43% of the plants showing symptoms. Apart from Qazvin and Khuzestan provinces, tobamoviruses were distributed among the fifteen surveyed provinces with higher and lower disease incidence in Golestan and Isfahan provinces respectively ([Fig. 1](#f1-ppj-29-260){ref-type="fig"}, [Table 1](#t1-ppj-29-260){ref-type="table"}). Except for East Azarbaijan and Mazandaran, the incidence of symptomatic plants was more frequent in the northern (Alburz, Golestan and West Azarbaijan) or central (Qom and Tehran) provinces compared to the southern (Boushehr, Fars, Hormozgan, Isfahan, Kerman, Khuzestan and Sistan and Baluchestan) and western (Hamedan and Kermanshah) provinces of Iran. ([Fig. 1](#f1-ppj-29-260){ref-type="fig"}). There were differences in the relative incidence of tobamovirus infection among the horticultural crops tested. The overall picture showed that tobamoviruses were distributed mostly on solanaceous crops (with an average incidence of 12.3%) through the sampled regions compared to cucurbitaceous plants (with an average incidence rate of 8.1%) with the few exceptions of the Larestan, Zabul, Qazvin, Jiroft, Dezful and Minab regions, where no virus was detected in any solanaceous samples tested ([Table 1](#t1-ppj-29-260){ref-type="table"}). Tobamovirus infection rates in crop samples showing symptoms, in decreasing order, were tomato (16.9%), eggplant (14.2%), watermelon (12.0%), zucchini (11.0%), pepper (9.7%), potato (8.2%), pumpkin (6.9%), cabbage (6.0%), bean (5%), and cucumber (2.6%) ([Table 1](#t1-ppj-29-260){ref-type="table"}). Tobamoviruses were not detected in radish. Symptomatic plants affected by tobamovirus infection were observed in most of the fields surveyed; however, the incidence varied according to the plant species and the geographical regions. Tobamovirus infection was characterized mainly by leaf and fruit mosaics. Plants infected with tobamoviruses showed severe stunting, malformation, yellow spotting on leaves, vein yellowing, mosaic patterns of light and dark green on the leaves and fruits, twisting of leaves, shoestring, interveinal and systemic chlorosis, leaf roll and necrosis.

Weed plants harboring tobamoviruses in horticultural crop fields.
-----------------------------------------------------------------

Of 107 weed leaf samples tested by the DAS-ELISA, tobamoviruses were found in 12 samples. Twenty-six weed species belonging to 12 families were tested for the presence of tobamoviruses. There were seven weed species representing five families (*Asteraceae*, *Chenopodiaceae*, *Convolvulaceae*, *Fabaceae* and *Malvaceae*) in which tobamoviruses were detected in one or more locations ([Table 2](#t2-ppj-29-260){ref-type="table"}), attesting to the wide natural host range of these viruses. Tobamoviruses were detected serologically in two samples of *C. album* L., five samples of *Chenopodium murale* L., and one sample each of *Cirsium arvensis* L., *Convolvulus arvensis* L., *Malva neglecta* Wallr., *Sonchus oleraceus* L., and *Trigonella persica* L. ([Table 2](#t2-ppj-29-260){ref-type="table"}). Tobamoviruses were distributed mostly on weed species in the *Chenopodiaceae* family (23.3%). None of the infected weeds showed virus symptoms. Infection of weed plants with tobamoviruses were confirmed following mechanical inoculation to *N. tabacum* cv. Samsun nn, *N. tabacum* cv. Virginia, *N. tabacum* cv. White Burley, and *P. hybrida*. Tobamoviruses caused necrotic local lesions, mild mosaic, vein clearing and leaf deformation on different inoculated indicator plant species. The presence of tobamoviruses in weed species also was verified by an RT-PCR test.

Host range studies.
-------------------

The results of host range studies and the symptoms associated with virus infection on indicator plants were generally similar to those of earlier reports ([@b14-ppj-29-260]; [@b19-ppj-29-260]; [@b29-ppj-29-260]; [@b32-ppj-29-260]), but with some differences ([Table 3](#t3-ppj-29-260){ref-type="table"}). The tobamovirus isolates, which were shown subsequently to be TMV isolates, were grouped into five pathological clusters (represented by isolates TA, TV, TM, G42 and PU1) based on differences in symptoms on host plants and nucleotide sequences of their CP genes. The representative isolates were detected in tomato from Alburz (TA), Tehran (TV) and East Azarbaijan (TM), eggplant from Golestan (G42) and pumpkin (PU1) from Fars province ([Table 4](#t4-ppj-29-260){ref-type="table"}). Of the 10 indicator plants tested (eight species from four families, including three varieties of tobacco), eight plants (six species) from three plant families developed symptoms after inoculation with the above Iranian TMV isolates. All five TMV isolates induced necrotic local lesions on inoculated leaves of faba bean and *N. rustica* ([Table 3](#t3-ppj-29-260){ref-type="table"}). Except for TMV-PU1, the other isolates were not infective in cucumber and cowpea cv. Mashhad plants ([Table 3](#t3-ppj-29-260){ref-type="table"}). Infections of cucumber with the PU1 isolate remained symptomless. This isolate elicited interveinal chlorosis in cowpea. Infection of cucumber with the PU1 isolate was confirmed by using RT-PCR and by mechanical inoculation onto other indicator plants (data not shown). TMV-PU1 differed from other TMV isolates and known strains of TMV (TMV-U1) in producing leaf curling in *C. quinoa*, vein clearing in *N. tabacum* cv. Virginia and necrotic local lesion in *P. hybrida*. TMV-G42 showed similar responses in the ten indicator plants as TMV-U1.

The TMV isolates TM, TV and TA, all detected first in tomato, caused distinct symptoms on inoculated leaves of *C. quinoa*, *N. tabacum* cv. Samsun nn and tomato. While TMV-TM and TMV-U1 caused systemic mosaic symptoms in inoculated *N. tabacum* cv. Samsun nn, TMV-TV induced necrotic local lesion and TMV-TA induced leaf deformation in the same tobacco cultivar, in addition to systemic mosaic. TMV-TM was also distinct from other tomato isolates and TMV-U1 in not producing leaf curling in tomato but inducing necrotic local lesions in *C. quinoa* ([Table 3](#t3-ppj-29-260){ref-type="table"}).

RT-PCR and phylogenetic relationships based on nucleotide sequence analysis.
----------------------------------------------------------------------------

To confirm the serological diagnoses, RT-PCR was done using samples from naturally infected crop plants (218 samples that positively reacted with the anti-tobamovirus antiserum in the ELISA test) and selected weed species (12 samples). Except for radish, infection of the different crop and weed samples with TMV was confirmed by RT-PCR and specific primers ([Fig. 2](#f2-ppj-29-260){ref-type="fig"} and data not shown). RT-PCR also was successful in detecting TMV in the inoculated indicator plants. A single DNA fragment of the expected size (694 bp) was obtained by RT-PCR with species-specific primers when the infected samples were examined for TMV ([Fig. 2B](#f2-ppj-29-260){ref-type="fig"} and data not shown). No PCR products were amplified from healthy plants.

Using semi-nested RT-PCR and species-specific primers for ToMV and TMGMV, we were able to ascertain the relative incidence of these two viruses in mixed infection with TMV in infected samples ([Table 5](#t5-ppj-29-260){ref-type="table"}). For this purpose, a total of sixty crop samples, for which infection with TMV was demonstrated first by RT-PCR, were tested by species-specific primers for the presence of ToMV or TMGMV. PCR products with the expected size of approximately 690 bp and 720 bp were obtained for ToMV and TMGMV, respectively, in some TMV-infected samples ([Figs. 2C and D](#f2-ppj-29-260){ref-type="fig"}). Of the 60 tested samples, mixed infections of TMV with ToMV were found in 27 samples (45%) including cucumber, eggplant, pumpkin, tomato, watermelon and zucchini in Fars, Alburz, East and West Azarbaijan, Mazandaran, Golestan and Tehran provinces ([Table 5](#t5-ppj-29-260){ref-type="table"}). Mixed infections of TMV with either TMGMV or ToMV were detected only in four tomato samples (6.6%) in Tehran and Alburuz provinces ([Table 5](#t5-ppj-29-260){ref-type="table"}). Plants with mixed infections showed more severe symptoms compared to those just singly infected with TMV.

A total number of the 116 crop samples with virus-like symptoms including bean (58 samples), cabbage (32 samples) and radish (26 samples) collected from Alburz, East Azarbaijan, Fars and Tehran provinces, which failed to react with polyclonal antisera for tobamoviruses in ELISA, were tested by degenerate primers (Tob-Uni 1/Uni 2) for the presence of other tobamoviruses. A PCR-amplified product of approximately 804 bp, corresponding to the CP gene of tobamoviruses plus sequences of 5′ and 3′ flanking regions, was obtained for all of these samples ([Fig. 2A](#f2-ppj-29-260){ref-type="fig"} and data not shown). However, no PCR products were amplified when the same samples were tested for ToMV and TMGMV (data not shown), which may indicate the presence of yet other tobamoviruses.

The 480 nt sequences of the entire CP sequence in addition to 3′ and 5′ flanking sequences of the Iranian TMV isolates were obtained and deposited in the GenBank as accession numbers HQ593617, HQ593619 and HQ593621 for tomato isolates TA, TM and TV, HQ593620 for eggplant isolate G42 and HQ593618 for pumpkin isolate PU1, respectively ([Table 4](#t4-ppj-29-260){ref-type="table"}). A comparison of the nucleotide sequences for the CP gene of Iranian TMV isolates with those of other TMV isolates in the GenBank confirmed that these detected viruses were TMV. Nucleotide sequences of the complete ToMV and TMGMV CP genes that were obtained from RT-PCR positive samples also were deposited into the GenBank as accession numbers HQ593626 and HQ593622, respectively. Comparison of the nucleotide sequences of these two viruses with those of other isolates in the GenBank confirmed that these detected viruses were ToMV and TMGMV (data not shown). Thus, both ToMV and TMGMV were isolated from tomato in Tehran.

BLAST analysis of the TMV sequences of the CP gene disclosed complete identity (100%) among the Iranian TMV isolates. The maximum and minimum nucleotide sequence identities of the entire CP gene (480 nt) between the Iranian isolates and those deposited previously in GenBank ranged from 93 to 94.5%, whereas when the entire CP gene sequence plus 161 nt flanking regions (641 nt) were compared they showed 90 to 94% sequence identity (data not shown). Phylogenetic analysis based on the nucleotide sequences of the CP gene resulted in classification of TMV isolates to three major clades with high bootstrap support in which isolates in clade I were divided into two subgroups ([Fig. 3A](#f3-ppj-29-260){ref-type="fig"}). All of the Iranian TMV isolates clustered in clade II, with 94% similarity to TMV-U1 (the type TMV species present in clade I). Isolates Ohio V from USA together with Pet-TW from Taiwan were placed in clade III sharing 86--88% identity to TMV-U1. All the other TMV isolates ([Table 4](#t4-ppj-29-260){ref-type="table"}) were clustered in either the larger subgroup IA, sharing 96--100% nt sequence identities with isolate TMV-U1 and comprising isolates from Asia, Africa, Europe and America, or the smaller subgroup IB, composed of only two isolates, one each from China and Brazil ([Fig. 3A](#f3-ppj-29-260){ref-type="fig"}). The phylogenetic tree based on analysis of the CP amino acid sequences showed a different pattern compared to that of the nucleotide sequences of the CP genes ([Fig. 3B](#f3-ppj-29-260){ref-type="fig"}). Here, the sequences of the amino acids of the CP gene formed two subgroups radiating from one large clade. Except for the Taiwan and one USA isolate (from clade III of the nucleotide sequence comparisons) in subgroup B, the worldwide isolates were placed in subgroup A, with the highest amino acid identity of 99% to the isolate TMV-U1. The amino acid sequence identity of the complete CP (159 aa) of the Iranian TMV isolates compared to TMV-U1 and other isolates ranged from 99 to 100%. It should be noted that in these analyses we have not used all isolates from the GenBank that were labeled as TMV. This is because the CP of those isolates we did not use (accession numbers AF012927, AF103779,AF318214, AJ310339, and JN204355) were actually ToMV in sequence, as determined by sequence alignments, but the viruses were named TMV.

The pairwise nucleotide distances between isolates within a clade were 0.023, 0.00 and 0.029 for Clades I, II and III, respectively, whereas the distance between two clades was 0.149. The distances of TMV isolates with respect to the ORSV sequence used as an outgroup were between 0.987 and 1.149. This may indicate that TMV could be classified into three genotypes. No correlation was observed between the genetic variation and the geographical origin from which the isolates were obtained. However, in comparing the genetic variation between the isolates in each clade, it seems there is a correlation between genetic variations and the species composing each genotype. Low nucleotide diversity (\< 0.017) was observed within each subgroup indicating spatial genetic stability in different TMVs isolated throughout the world. Nucleotide diversity was also high and about 0.046 when any two clades were compared with each other. To estimate the extent of genetic differentiation, we measured the coefficient F~st~, which is also an estimate of gene flow ([@b61-ppj-29-260]). The F~st~ values comparing clades I and II, as well as clade II and each subgroup (A and B) of clade I, were 0.914, 0.541, and 0.723 respectively, an indication of frequent gene flow. However F~st~ values were lower than 0.312 between two the subgroups in clade I. The F~st~ values were lower than 0.1 between Asian and American or between European and either Asian or American isolates, indicating a low intercontinental gene flow between TMV isolates. The ratio of *d*N/*d*S was \< 1 for CP genomic region of the Iranian TMV isolates, providing evidence of negative selection in this gene. The three statistic tests, Tajima D, Fu and Li's, were significantly negative (*P* \< 0.05), suggesting negative or purifying selection.

Discussion
==========

In recent years, there have been reports of increasing importance of virus diseases in horticultural crops in Iran ([@b11-ppj-29-260]; [@b12-ppj-29-260]; [@b22-ppj-29-260]; [@b40-ppj-29-260]; [@b49-ppj-29-260]; [@b54-ppj-29-260]). In these earlier studies, the distribution and incidence of viruses infecting horticultural crops were studied by serological methods, but in none of these cases was TMV studied. Although the presence of TMV has been reported in tomato, tobacco and soybean from Iran ([@b28-ppj-29-260]; [@b33-ppj-29-260]; [@b41-ppj-29-260]), the distribution and incidence of this virus in different horticultural crops was not reported so for. Precise identification of TMV and knowledge about its distribution, genetic variation and alternative host sources in such crops will allow farm advisors and growers to make better management decisions. To achieve this, in the present study we sought to determine the incidence and distribution of TMV on economically important crops in the major horticultural crop-producing areas in 17 provinces throughout Iran. Natural weed hosts of TMV and the genetic variation of TMV also were investigated.

Our results showed that 11.3% of the total samples assessed from different horticultural crops were infected with TMV. This incidence, which is limited to the field plants showing symptoms, can be considered low if compared with that of other countries. For example, the incidence of TMV in pepper fields in Turkey, neighboring the north-eastern region of Iran, was found to be 21.5% ([@b10-ppj-29-260]). The infection of horticultural crops by TMV was not equally distributed in Iran, since it ranged from a total absence in some provinces (Khuzestan and Qazvin) to a maximum of 43% in another (Golestan). Widespread prevalence of TMV in most crop-growing areas of Iran would implicate its major impact on crop production throughout the country. To our knowledge, this is the first report on the occurrence of TMV in bean, cabbage, cucumber, pepper, potato, pumpkin, watermelon and zucchini in Iran based on biological reactions, ELISA and RT-PCR. There was a clear-cut correlation between TMV incidence, geographical distribution and the type of vegetable hosts. Although TMV is not considered an economically important bean virus and is not common in bean fields in Iran, we detected TMV infected bean plants in Golestan ([Table 1](#t1-ppj-29-260){ref-type="table"}), which may reflect a very high inoculum in this province. Results of our study showed that TMV is present throughout the country, but a particularly extensive spread was recorded in Golestan (43%) and West Azarbaijan (18.7%) provinces (northern regions of Iran), where most of the national tobacco production is concentrated. Previously, TMV had been reported from different cultivars of tobacco with an incidence rate of 28.6% in these regions ([@b33-ppj-29-260]). The relatively high incidence and prevalence of TMV may be related to the presence of tobacco fields near horticultural crops in these provinces. However, this relationship has yet to be confirmed. In the central provinces (Alburz, Qom and Tehran), TMV was detected in 18.8% of the total tested samples. TMV infection was confined to the fields with a history of solanaceous plant production in these regions. It is possible that failure to detect and subsequently eradicate TMV from these farms has led to its persistence in these areas. The virus can survive for many years in dead, dried plant material, which makes it difficult to inactivate ([@b13-ppj-29-260]). Plants that remain in the soil may harbor mechanically transmitted virus and act as a source of infection for the next crops, especially where the susceptible crops are grown in the same fields yearly ([@b30-ppj-29-260]; [@b38-ppj-29-260]).

The results of ELISA tests showed the presence of TMV in various weed species distributed in the surveyed vegetable fields ([Table 2](#t2-ppj-29-260){ref-type="table"}). TMV was serologically detected previously in *C. murale* L. and *Chrozophora hierosolymitana* from some tomato cultivations in southern regions of Iran ([@b41-ppj-29-260]). However, the natural occurrence of TMV on *C. album* L, *Cirsium arvensis* L, *Convolvulus arvensis* L, *M. neglecta* Wallr, *S. oleraceus* L, and *T. persica* L, based on host range, ELISA, and PCR, is reported for the first time in this study. TMV overwinters in a number of weeds ([@b53-ppj-29-260]; [@b10-ppj-29-260]). Primary infection of horticultural crops from overwintering sources of the virus can be a contributing factor in the increasing virus incidence in different plantations. Having knowledge of weed reservoirs of TMV is essential for understanding the virus epidemiology and must be understood for successful control through sanitation practices. In our survey, most weed species found to be infected with TMV were symptomless. Previous research also has shown that many TMV-infected herbaceous weed hosts often do not display foliar symptoms ([@b53-ppj-29-260]). Nonetheless, further studies comprising more sampling of weed with regard to the symptom status are necessary to improve our knowledge of virus spread in the region.

The number of solanaceous plants shown to be infected with TMV was relatively high compared to collected cucurbit plant species ([Table 1](#t1-ppj-29-260){ref-type="table"}). Solanaceous crops incur the most significant losses from TMV-induced disease ([@b29-ppj-29-260]). TMV is seed-borne mostly in solanaceous crops and they may spread during transplanting and harvesting after primary infections *via* infected seeds. Some growers in Iran use their own non-certified seed produced locally and this may contribute to the spread of TMV in these crops. It is noteworthy that TMV, a virus hitherto unreported from cucurbit plants in Iran, prevailed in having high rates of incidence in two cucurbit species (watermelon and zucchini) in the surveyed regions.

Due to the similarity of symptoms induced by TMV with those induced by other tobamoviruses and the possibility of mixed infection of TMV with other tobamoviruses, we tested the TMV infected samples for the presence of TMGMV and ToMV (other tobamoviruses in subgroup I). Mixed infections of tomato with TMV and TMGMV were only observed in Tehran and Alburz. We have previously reported the occurrence of TMGMV in tomato in Tehran ([@b4-ppj-29-260]). The low incidence of this virus in Iran may suggest that it is a new pathogen in the country. Mixed infection of tomato, eggplant, cucumber, watermelon, zucchini and pumpkin with TMV and ToMV were encountered at Fars, Alburz, East and West Azarbaijan, Mazandaran, Golestan and Tehran as attested by the data in [Table 5](#t5-ppj-29-260){ref-type="table"}. Although, mixed infection of solanaceous crops with TMV and ToMV was reported previously in some parts of Iran ([@b5-ppj-29-260]; [@b6-ppj-29-260]; [@b41-ppj-29-260]), the data shown in this study represent the first report on the occurrence of ToMV and its co-infection with TMV in cucurbit plants including cucumber, pumpkin, watermelon and zucchini in Iran. The higher incidence of TMV and ToMV mixed infections compare to TMV and TMGMV mixed infections may indicate that they arose from a common ancestor before colonizing and spreading in Iran.

The host ranges of different TMV isolates collected from different hosts and regions were similar to what has been previously reported for TMV ([@b19-ppj-29-260]; [@b32-ppj-29-260]; [@b45-ppj-29-260]), but considerable differences were found in the symptoms induced by each TMV isolate on the indicator plants. The five TMV pathology clusters studied in this research showed obvious differences in the symptom development on *C. quinoa*, cowpea cv. Mashhad, *N. tabacum* cv. White Burley and tomato. Differences in symptom development on *C. quinoa*, cowpea and *N. tabacum* cv. Virginia observed after inoculation with TMV-PU1 (pumpkin isolate) distinguished this isolate from the tomato infecting isolates. TMV-PU1 also was differentiated from other isolates by infecting cucumber plants ([Table 3](#t3-ppj-29-260){ref-type="table"}). By contrast, the results also showed that three tomato-infecting TMV isolates (TA, TV and TM), collected from different geographical regions, differed in symptom developments on the indicator plants. Taken together, the data obtained by bioassay suggest clear differences between Iranian isolates of TMV which may be due to the genetic variation among TMV strains present in different hosts and geographical locations and/or climate regions in Iran. Many different strains of TMV are present in nature, which are different in biological properties ([@b58-ppj-29-260]). It has been shown that sequences in TMV CP are often responsible for differences in symptom development ([@b21-ppj-29-260]). The work of [@b2-ppj-29-260] has shown that TMV isolates are differentially selected by different plant species and selective pressure plays an important role in TMV genetic divergence. This is in contrast to the results obtained by phylogenetic analysis of Iranian isolates that showed low genetic variations in the CP gene nucleotide sequence, which suggests the negative selection acting on this gene. We found significant evidence for negative selection in the CP gene of a large subset of TMV isolates. In our data set, most parts of the ORF were determined to be under negative selection for the Iranian isolates. For most of these TMV genes, the *d*N/*d*S ratio was smaller than 1.0, which was consistent with the negative selection against protein changes. The negative selection in the CP gene would result in a higher protein tolerance against mutation and pressure selection. This may indicate that TMV CP is not flexible in the interaction with other proteins or has little specific interaction with the host or potential vectors. This result also supports the hypothesis that the CP was undergoing intensive evolution. Previously, negative selection was reported for the worldwide ToMV isolates on the basis of the CP gene sequence ([@b50-ppj-29-260]). However, the results indicated a low genetic diversity between isolates within clades and high diversity between the three clades, suggesting effects of selection under different selection pressures. This finding may suggest that different TMV isolates that are best fitted in a given geographical location/ climate have increased in the population. This conclusion has been demonstrated for resistance-breaking isolates of ToMV that overcome the resistance of the *Tm-1* gene ([@b48-ppj-29-260]).

Phylogenetic analysis resulted in a tree with three main parts. Iranian TMV-crop isolates obtained from eggplant, pumpkin and tomato, respectively were all clustered together in a distinct branch. No branching pattern based on differences in the host source was found among the TMV-crop isolates studied. All TMV isolates which are distributed in Asia, Africa, Europe and America were located in one clade which could be divided into two subgroups with a branching pattern specific to geographical distribution. These indicate no clear correlation between CP sequence variation and the geographical origins of the virus isolates, in contrast to the results obtained by [@b32-ppj-29-260] who differentiated TMV-potato isolates on the basis of geographical locations/climates. Previous studies elucidated that TMV isolates may be altered by different temperatures ([@b31-ppj-29-260]) or in different plant species ([@b62-ppj-29-260]). Our results showed that the diversity values are high between the three clades, which may suggest that the populations in each clade could be derived from a single origin. Considering the low number of isolates in clade II, it is possible that the viruses in clade II might represent introductions that have occurred recently. The observed low diversity and the determination that TMV isolates from different host species had the same predominant genotype suggest that host species do not contribute to differentiation of the virus population, as observed with other plant viruses ([@b26-ppj-29-260]). No correlation was observed between the genetic distance and the geographical origin or the host species from which the isolates were obtained.

Clade III was composed of TMV isolates from the USA and Taiwan, whereas Clade I was composed of isolates from USA and the rest of the world. Low genetic variation among geographically distant isolates also has been reported for other tobamoviruses ([@b24-ppj-29-260]; [@b51-ppj-29-260]). The apparent absence of a natural vector might have prevented population changes and might account for the low genetic diversity observed. However, the possibility of subjection to host selection may not be conceivable for the Iranian isolates, since they were collected from different hosts ([Table 2](#t2-ppj-29-260){ref-type="table"}).

In this study, the statistical test F~st~ was used to assess genetic differentiation and the gene flow level between clades and subgroups. Interestingly, in most cases where Iranian isolates were compared against other geographical groups in subgroup A (for example, Europe and the Americas) the F~st~ values were low but when pairwise comparisons were repeated using the Iranian isolates in clade II and isolates in other clades, the F~st~ values were high. This result, together with the phylogenetic analyses, demonstrates the occurrence of gene flow from other isolates to the Iranian population. Our conclusions are consistent with previous research on ToMV ([@b50-ppj-29-260]) showing that limited gene flow occurred between subpopulations from different geographical locations/climates. Overall, a high degree of differentiation was noted between three clades. It may suggest that TMV populations in each clade went through frequent bottlenecks when colonizing new habitats and members of each founder group were from similar population sources. The F~st~ values between the Iranian--Asian and Iranian--European isolates were 0.678 and 0.914, respectively, indicating that most of the molecular diversity is distributed among these geographical groups.

In conclusion, TMV isolates grouped into three main clades or genotypes worldwide and in combination with the recent work of [@b50-ppj-29-260], our analysis reveals that high genetic stability of different TMV isolates could be favored by genetic shift after bottlenecks. The genetic structure of TMV populations in different horticultural crops has not been analyzed in other Asian countries and it is not known if the Iranian isolates are present in other countries. Nonetheless, to control TMV infection, sanitary measures should be implemented to minimize TMV dispersal through plant material between countries. These results might provide useful tools to study the interplay between the evolutionary and epidemiological processes acting on TMV population and could help us to design some efficient control strategies for TMV emergence.
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![Map of Iran showing the location of 17 provinces (shaded) where field-grown horticultural crops were surveyed for tobamovirus infection during the 2009 to 2010 growing seasons. Two provinces in which tobamovirus infection was not detected are shown spotted in the map.](ppj-29-260f1){#f1-ppj-29-260}

![Electrophoresis analysis of RT-PCR products. The products were obtained using (A) the degenerate primer pair Tob-Uni 1/Tob-Uni 2 for detecting tobamoviruses in general, or species-specific primer pairs for detecting (B) *Tobacco mosaic virus* (TMV), (C) *Tomato mosaic virus* (ToMV), or (D) *Tobacco mild green mosaic virus* (TMGMV). (A), Lanes 1 to 4 represent amplified products from naturally infected bean, cabbage, pumpkin and radish samples, respectively; (B) and (C), Lanes 1 to 3 represent amplified products for naturally infected tomato, eggplant and cucumber samples, respectively; (D), Lane 1 represent amplified products for a naturally infected tomato sample. Lane M, 100-bp DNA ladder (Fermentas, Germany); Lane H, negative controls (PCR conducted using healthy plant material).](ppj-29-260f2){#f2-ppj-29-260}

![Phylogenetic tree of TMV isolates constructed from the alignment of (A) 480 nucleotide and (B) 159 amino acid sequences of the CP gene of five TMV isolates from Iran, together with the homologous gene of TMV isolates from Brazil, China, Egypt, Germany, India, Japan, Serbia, South Korea, Taiwan, Thailand, USA and Venezuela ([Table 4](#t4-ppj-29-260){ref-type="table"}) using the neighbor-joining method based on 1000 replicates. Bootstrap percentages of clades are shown along internal branches of trees derived from bootstrap-resampled data sets. Branch lengths represent genetic distances. The tree was rooted with the CP of *Odontoglossum ringspot virus* (ORSV), a member of the genus *Tobamovirus*, which was used as an outgroup species ([Table 4](#t4-ppj-29-260){ref-type="table"}). Detailed information for each TMV isolate concerning the country where it was isolated and the accession number is found in the phylogenetic trees.](ppj-29-260f3){#f3-ppj-29-260}

###### 

Incidence of tobamoviruses on horticultural crops collected from the main provinces of cultivation in Iran

  Sampled horticultural crops[^a^](#tfn2-ppj-29-260){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                            
  ------------------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ---------------------------------------------------------------- -------------- --------------- -------------- ------------- ------------- ------------- ------------ ----------- ---------- ----------
  Fars                                                                      Larestan                                                      0/69                                                          0/32                                                             0/3            0/9             0/1            0/6           ND            0/3           0/2          0/8         ND         0/5
  Fasa                                                                      11/92                                                         1/4                                                           **9/57**                                                         0/2            1/5             ND             0/5           0/4           0/6           0/2          0/4         0/3        
  Jahrum                                                                    3/63                                                          3/42                                                          ND                                                               ND             0/14            ND             0/4           ND            ND            0/3          ND          ND         
  Darab                                                                     36/215 (11.38%)[^c^](#tfn4-ppj-29-260){ref-type="table-fn"}   36/100                                                        0/17                                                             0/15           ND              0/30           0/1           0/8           ND            0/30         0/2         0/12       
  Isfahan                                                                   Isfahan                                                       1/65 (1.5%)                                                   1/47                                                             ND             0/3             ND             0/5           0/2           0/2           0/3          0/3         ND         ND
  Sistan and Baluchestan                                                    Zabul                                                         0/29                                                          0/10                                                             ND             ND              ND             0/3           0/3           0/3           0/3          0/2         0/4        0/1
  Zahedan                                                                   3/28 (5.2%)                                                   0/15                                                          ND                                                               ND             **2/5**         1/1            ND            0/2           0/5           ND           ND          ND         
  Alburz                                                                    Karaj                                                         12/72 (16.6%)                                                 3/10                                                             1/6            3/9             2/9            ND            0/6           1/9           **2/7**      0/5         0/8        0/3
  East Azarbaijan                                                           Maragheh                                                      12/128 (9.37%)                                                6/64                                                             ND             1/9             ND             **3/40**      ND            1/1           1/1          0/4         0/5        0/4
  Mazandaran                                                                Noshahr                                                       2/62 (3.22%)                                                  ND                                                               ND             0/13            1/20           ND            ND            ND            1/12         0/6         0/7        0/4
  Golestan                                                                  minoodasht                                                    34/79 (43%)                                                   **14/23**                                                        ND             **8/16**        ND             0/2           2/10          **4/18**      ND           **6/8**     ND         0/2
  Boushehr                                                                  Boushehr                                                      1/57 (1.75%)                                                  0/30                                                             ND             ND              1/5            ND            0/4           0/3           0/4          ND          0/3        0/8
  West Azarbaijan                                                           Urmia                                                         20/107 (18.7%)                                                5/15                                                             ND             1/7             2/9            0/32          **9/34**      0/1           ND           ND          ND         **3/9**
  Qazvin                                                                    Qazvin                                                        0/35 (0%)                                                     0/4                                                              0/8            0/2             ND             0/5           ND            0/4           ND           0/3         0/4        0/5
                                                                            Tehran                                                        39/110                                                        39/77                                                            ND             0/15            0/4            ND            0/6           ND            0/5          ND          0/3        ND
  Tehran                                                                    Varamin                                                       21/158                                                        4/35                                                             ND             8/45            0/2            0/19          0/3           7/42          0/4          0/1         ND         2/7
                                                                            Shahriar                                                      2/33 (20.6%)                                                  2/17                                                             ND             ND              ND             ND            0/4           ND            ND           0/5         0/4        0/3
  Qom                                                                       Qom                                                           7/57 (12.3%)                                                  1/11                                                             ND             4/13            1/13           0/9           0/3           ND            1/6          ND          ND         0/2
  Kerman                                                                    Jiroft                                                        2/65 (3%)                                                     0/22                                                             0/6            ND              0/5            0/9           1/8           ND            1/9          0/6         ND         ND
  Khuzestan                                                                 Dezful                                                        0/68 (0%)                                                     0/54                                                             ND             ND              ND             0/3           ND            0/2           ND           ND          0/3        0/6
  Hormozgan                                                                 Roudan                                                        3/83                                                          0/25                                                             ND             2/19            0/10           1/9           0/5           ND            ND           0/8         ND         0/7
  Minab                                                                     0/29                                                          ND                                                            ND                                                               0/3            0/5             0/2            0/4           ND            0/7           0/2          0/6         ND         
  Kehorestan                                                                2/70                                                          1/40                                                          ND                                                               0/1            1/8             0/4            ND            0/7           0/3           0/7          ND          ND         
  Hajiabad                                                                  3/66 (3.2%)                                                   ND                                                            1/40                                                             ND             1/10            0/3            1/2           0/4           0/3           0/4          ND          ND         
  Hamedan                                                                   Tuyserkan                                                     3/40 (7.5%)                                                   2/8                                                              1/9            ND              ND             0/5           ND            ND            0/2          0/8         0/6        0/2
  Kermanshah                                                                Mahidasht                                                     1/46 (2.1%)                                                   0/14                                                             ND             0/8             1/8            ND            0/4           0/5           0/4          0/3         ND         ND
                                                                                                                                                                                                                                                                                                                                                                                                     
  Total                                                                                                                                   218/1926 (11.3)[^d^](#tfn5-ppj-29-260){ref-type="table-fn"}   118/699 (**16.9**)[^e^](#tfn6-ppj-29-260){ref-type="table-fn"}   12/146 (8.2)   27/189 (14.2)   13/133 (9.7)   5/187 (2.6)   13/108 (12)   13/118 (11)   6/86 (6.9)   6/118 (5)   0/59 (0)   5/83 (6)

The highest incidence for tobamovirus infection in each surveyed host species is shown in bold and was highest for tomato.

Data obtained by DAS-ELISA for tobamovirus. Number of infected samples over number of samples collected for each crop. ND = not determined.

Nunber of infected samples over number of samples collected for each province.

Percentage of tobamovirus infection in each province.

Average percentage of tobamovirus infection for all provinces.

Average percentage of tobamovirus infection in each crop species.

###### 

Incidence of tobamovirus infection on selected weed species

  Family species                  Common name                                                  Incidence[^a^](#tfn7-ppj-29-260){ref-type="table-fn"}
  ------------------------------- ------------------------------------------------------------ -------------------------------------------------------
  *Chenopodiaceae*                                                                             (23.3%)
    *Chenopodium murale* L.       Nettle-Leaf goosefoot                                        5/17[^b^](#tfn8-ppj-29-260){ref-type="table-fn"}
    *C. album* L.                 Lamb's quarters                                              2/7
    *C. amaranticolor* L.         Goosefoot                                                    0/3
    *Salsola kali* L.             Saltwort                                                     0/3
  *Malvaceae*                                                                                  (9%)
    *Malva neglecta* Wallr.       Common mallow                                                1/11
  *Portulacaceae*                                                                              \(0\)
    *Portulaca oleraceae* L.      Common Purslane                                              0/5
  *Solanaceae*                                                                                 \(0\)
    *Solanum nigrum* L.           Nightshade                                                   0/4
    *Physalis alkekengi* L.       Bladder cherry                                               0/3
  *Convolvulaceae*                                                                             (11.1%)
    *Convolvulus arvensis* L.     Field Bindweed                                               1/6
    *Calystegia sepium* L.        Hedge Bindweed                                               0/3
  *Orobanchaceae*                                                                              \(0\)
    *Orobanche aegyptica* Pers.   Broomrape                                                    0/3
  *Polygonaceae*                                                                               \(0\)
    *Rumex vesicarius* L.         Bladderdock                                                  0/3
    *Polygonum aviculare* L.      Knotweed                                                     0/2
  *Asteraceae*                                                                                 (20%)
    *Sonchus oleraceus* L         Sowthistle                                                   1/3
    *Cirsium arvensis* L.         Canada thistle                                               1/5
    *Lactuca scariola* L.         Prickly Lettuce                                              0/2
  *Amaranthaceae*                                                                              \(0\)
    *Amaranthus retroflexus* L.   Redroot pigweed                                              0/3
    *Amaranthus hybridus* L.      Slim amaranthus                                              0/3
    *Spinacia oleracea* L.        Garden spinach                                               0/3
  *Brassicaceae*                                                                               \(0\)
    *Raohanus raphanistrum* L.    Wild radish                                                  0/3
    *Sinaps arvensis* L.          Wild mustard                                                 0/3
  *Fabaceae*                                                                                   (11.1%)
    *Glycyrrhiza glabra* L.       Licorice root                                                0/3
    *Trigonella persica* L.       Fenugreek                                                    1/3
    *Ononis spinosa* L.           Spiny rest harrow                                            0/3
  *Boraginaceae*                                                                               \(0\)
    *Heliotropium europium* L.    European heliotrope                                          0/3
                                                                                               
  Total                           12/107 (11.2%)[^c^](#tfn9-ppj-29-260){ref-type="table-fn"}   

Incidence rate of tobamovirus infection on different weed families in the surveyed provinces from [Table 1](#t1-ppj-29-260){ref-type="table"}.

No. of infected samples/collected samples, determined by DAS-ELISA detection of tobamoviruses infecting different weed species collected from surveyed vegetable fields.

Average incidence of tobamovirus infection on selected weed species.

###### 

Symptom development on indicator plant species after inoculation with *Tobacco mosaic virus* (TMV) isolates detected in Iran

                                      Leaf symptoms caused by TMV pathological clusters[^a^](#tfn10-ppj-29-260){ref-type="table-fn"}                                                                                     
  ----------------------------------- ------------------------------------------------------------------------------------------------ ---------- --------- --------- -------------------------------------------------- ---------
  *Solanaceae*                                                                                                                                                                                                           
    *Nicotiana rustica*               NL/−[^c^](#tfn12-ppj-29-260){ref-type="table-fn"}                                                NL/−       NL/−      NL/−      NL/−                                               NL/−
    *N. tabacum* cv. Samsun nn        −/M                                                                                              −/M, Def   NL/M      −/M       −/M                                                −/M
    *N. tabacum* cv. Virginia         NL, M/−                                                                                          NL, M/−    NL, M/−   NL, M/−   NL, M/VC                                           NL, M/−
    *N. tabacum* cv. White burley     −/VC                                                                                             −/VC       −/VC      −/VC      −/VC                                               −/VC
    *Solanum lycopersicum*            M/LC                                                                                             M/LC       −/LC      M/LC      M/−                                                M/−
    *Petunia hybrida*                 −/M                                                                                              −/M        −/M       −/M       NL/M                                               −/M
  *Chenopodiaceae*                                                                                                                                                                                                       
    *Chenopodium quinoa*              CL/−                                                                                             CL/−       CL/−      CL/−      CL/LC                                              NL/−
  *Cucurbitaceae*                                                                                                                                                                                                        
    *Cucumis sativus*                 −/−                                                                                              −/−        −/−       −/−       −/−[^d^](#tfn13-ppj-29-260){ref-type="table-fn"}   −/−
  *Fabaceae*                                                                                                                                                                                                             
    *Vigna unguiculata* cv. Mashhad   −/−                                                                                              −/−        −/−       −/−       IVC/−                                              −/−
    *Vicia faba*                      NL/−                                                                                             NL/−       NL/−      NL/−      NL/−                                               NL/−

Abbreviations: CL, cholorotic local lesions; Def, deformation; IVC, interveinal chlorosis; LC, leaf curling; NL, necrotic local lesions; VC, vein clearing; M, mosaic; --, no symptoms.

TMV common strain U1 from the Cornell University, Plant Virus collection.

Local symptoms/systemic symptoms.

The inoculated plants remain symptomless but virus was detectable by ELISA and PCR.

###### 

Accession numbers, host and origin of reported TMV isolates used for phylogenetic comparison of coat protein gene sequence in this study

  Isolate or Strain                                   Accession no.   Host           Origin        Nt identity[^a^](#tfn14-ppj-29-260){ref-type="table-fn"}
  --------------------------------------------------- --------------- -------------- ------------- ----------------------------------------------------------
  TA                                                  HQ593617        Tomato         Iran          94%
  PU1                                                 HQ593618        Pumpkin        Iran          94%
  TM                                                  HQ593619        Tomato         Iran          94%
  G42                                                 HQ593620        Eggplant       Iran          94%
  TV                                                  HQ593621        Tomato         Iran          94%
  TMV-SoyIn                                           JQ895560        Soybean        India         99%
  TMV-P                                               AY029262        Petunia        Brazil        96%
  Chuxiong-1                                          HE818417        Tobacco        China         95%
  B935A                                               Z96945          Faba bean      China         99%
  TMV-Egypt                                           AY686725        Tomato         Egypt         98%
  Fulvum                                              AF546184        Tobacco        Germany       99%
  Vulgare                                             AJ429078        Tomato         Germany       99%
  K98                                                 AB669002        Sweet pepper   Japan         99%
  699-07                                              GQ340671        Tobacco        Serbia        98%
  TMV-Pet                                             DQ981481        Petunia        South Korea   98%
  IM                                                  AB369276        Impatiens      South Korea   99%
  Pet-TW                                              EF392659        Petunia        Taiwan        86%
  TMV-pepper                                          AY633749        Chili pepper   Thailand      98%
  TMV-Pet7                                            GQ370523        Petunia        U.S.A         99%
  OhioV                                               FR878069        Petunia        U.S.A         87%
  Vulgare                                             DQ211985        Canavalia      Venezuela     99%
  TMV-U1                                              V01408          Tobacco        Germany       100%
  ORSV[^b^](#tfn15-ppj-29-260){ref-type="table-fn"}   AB693990        Orchid         Indonesia     \-

Nucleotide sequence identity of the CP gene to strain U1

*Odontoglossum ringspot virus* (ORSV), a member of the genus Tobamovirus, which was used as an out-group species.

###### 

Relative incidence of ToMV and TMGMV present in TMV-infected crop samples[^b^](#tfn16-ppj-29-260){ref-type="table-fn"}

  -----------------------------------------------------------------------------------------------------------------------------------
  Province          Virus   Samples[^b^](#tfn17-ppj-29-260){ref-type="table-fn"}   Horticultural crops                          
  ----------------- ------- ------------------------------------------------------ --------------------- ---- ----- ----- ----- -----
  Fars              ToMV\   5\                                                     2\                    0\   0\    ND\   ND\   ND\
                    TMGMV   ND                                                     ND                    ND   ND    ND    ND    ND

  Alburz            ToMV\   5\                                                     2\                    0\   0\    0\    0\    0\
                    TMGMV   5                                                      3                     0    0     0     0     0

  East Azarbaijan   ToMV\   5\                                                     0\                    0\   2\    1\    ND\   ND\
                    TMGMV   ND                                                     ND                    ND   ND    ND    ND    ND

  Mazandaran        ToMV\   5\                                                     1\                    1\   ND\   ND\   ND\   ND\
                    TMGMV   5                                                      0                     0    0     0     0     0

  Golestan          ToMV\   5\                                                     2\                    2\   ND\   ND\   1\    1\
                    TMGMV   5                                                      0                     0    0     0     0     0

  West Azarbaijan   ToMV\   5\                                                     2\                    0\   0\    3\    0\    0\
                    TMGMV   5                                                      0                     0    0     0     0     0

  Tehran            ToMV\   5\                                                     3\                    2\   0\    0\    1\    1\
                    TMGMV   5                                                      2                     0    0     0     0     0

  Total             ToMV    60                                                     27                                           

  TMGMV             5                                                                                                           
  -----------------------------------------------------------------------------------------------------------------------------------

Results obtained by semi-nested RT-PCR from 60 selected TMV-infected crop samples.

Number of vegetable samples infected with the specified tobamovirus. ND = not determined.
